The N-methyl-D-aspartate receptor (NMDAr) is particularly vulnerable to aging. The GluN2B subunit of the NMDAr, compared to other NMDAr subunits, suffers the greatest losses of expression in the aging brain, especially in the frontal cortex. While expression levels of GluN2B mRNA and protein in the aged brain are well documented, there has been little investigation into agerelated posttranslational modifications of the subunit. In this study, we explored some of the mechanisms that may promote differences in the NMDAr complex in the frontal cortex of aged animals. Two ages of mice, 3 and 24 months, were behaviorally tested in the Morris water maze. The frontal cortex and hippocampus from each mouse were subjected to differential centrifugation followed by solubilization in Triton X-100. Proteins from Triton-insoluble membranes, Tritonsoluble membranes, and intracellular membranes/ cytosol were examined by Western blot. Higher levels of GluN2B tyrosine 1472 phosphorylation in frontal cortex synaptic fractions of old mice were associated with better reference learning but poorer cognitive flexibility. Levels of GluN2B phosphotyrosine 1336 remained steady, but there were greater levels of the calpain-induced 115 kDa GluN2B cleavage product on extrasynaptic membranes in these old good learners. There was an age-related increase in calpain activity, but it was not associated with better learning. These data highlight a unique aging change for aged mice with good spatial learning that might be detrimental to cognitive flexibility. This study also suggests that higher levels of truncated GluN2B on extrasynaptic membranes are not deleterious to spatial memory in aged mice.
Introduction
A vulnerability of the aging process is cognitive decline. Signs of memory decline may begin around 50 years of age, and some aspects of cognition begin to decline around 40 years of age (Scherr et al. 1988; SinghManoux et al. 2012) . Spatial memory, the detailed recollection of one's surroundings, is critical for navigating through everyday life and exhibits a significant decline with age (Gallagher et al. 1993) . Age-related spatial memory impairments affect many mammalian species; therefore, rodents have served as an appropriate model for cognitive aging (Gallagher et al. 2011) .
The N-methyl-D-aspartate receptor (NMDAr) is an ionotropic glutamate receptor that is essential for spatial memory tasks (Morris et al. 1986 ). The NMDAr is particularly vulnerable to change during aging (Magnusson et al. 2010) . Protein expression levels of NMDAr subunits decline with age in the hippocampus and frontal cortex (Das and Magnusson 2011; Magnusson et al. 2002; Magnusson et al. 2007 ). GluN2B subunit expression declines significantly in most cellular fractions in the hippocampus of aged mice, but there is a more pronounced aging effect in the synaptic membrane, than in the tissue as a whole, in the frontal cortex (Zhao et al. 2009 ).
The NMDAr complex of proteins is around 2000 kDa and includes over 75 different proteins (Husi et al. 2000) . The Src kinase, Fyn, phosphorylates tyrosines 1336 (p1335) and 1472 (p1472) on GluN2B subunits, leading to two different outcomes. Phosphorylation of tyrosine 1472 allows for enhanced binding of GluN2B with PSD95, concentrating and holding NMDAr on synaptic membranes, and increasing long-term potentiation (LTP) (Nakazawa et al. 2001; Roche et al. 2001; Xu 2011) . Alternatively, p1336 provides the recognition for calpainmediated cleavage of the C-terminal tail of GluN2B, resulting in a translocation of GluN2B-containing NMDAr from synaptic to extrasynaptic membranes (Bi et al. 2000; Goebel-Goody et al. 2009 ). Striatal-enriched protein tyrosine phosphatase (STEP) dephosphorylates tyrosines 1336 and 1472 on the GluN2B subunit, and inhibition of STEP enhances NMDAr current (Lee 2006; Pelkey et al. 2002) . Calpain also influences members of the NMDAr complex, like PSD-95 and STEP, by calcium-induced cleavage, leading to deactivation and altered localization of these proteins (Guttmann et al. 2001; Lu et al. 2000; Nguyen et al. 1999) .
Recent evidence indicates that there is an increased interaction between GluN2B subunits and postsynaptic density protein 95 (PSD-95), suggesting an additional effect of aging beyond subunit production (Zamzow et al. 2013 ). What is not currently known is if the increased interaction between PSD-95 and GluN2B is due to higher relative levels of p1472 and/or decreased p1336. In the current study, we assessed the spatial reference memory of C57BL/6 mice of two different ages, separated synaptic membranes by subcellular fractionation, and quantified protein expression and posttranslational modifications.
Materials and methods

Animals
A total of 24 male C57BL/6 mice from two age groups (3 and 24 months of age) were used for this study. The 12 mice in the older age group were obtained from the National Institute on Aging, NIH. Twelve young mice were purchased from JAX mice (Bar Harbor, MA), which stocks the NIH colony. They were fed ad libitum and housed with a 12/12-h light/dark cycle. The mice were fed a standard chow diet (LabDiet). After the behavioral testing, all animals were euthanized by exposure to CO 2 and decapitated. The brains were harvested, frozen in dry ice, and stored at −80°C.
Behavioral testing
Spatial reference memory, cognitive flexibility, and associative memory (cued control task) were tested with the use of the Morris water maze as previously described (Das et al. 2012) . Briefly, for the first 2 days, mice were acclimated to the water maze, followed by 2 days of testing for spatial reference memory, 1 day of reversal training to test cognitive flexibility, and 1 day of associative memory testing (cued control task). Reference memory testing consisted of eight place trials (two fourtrial sessions, 1 h inter-session interval), and a probe trial (1 h after the last place trial) each day. A naive probe trial was performed at the beginning of the first day of memory testing. The platform was kept in the same quadrant for each place trial. Place trials consisted of a maximum of 60 s in the water searching for the platform, 30 s on the platform, and 2 min of cage rest. If a mouse failed to find the platform within the designated 60 s swim time, it was led to the platform by the experimenter. Probe trials were performed to assess the animal's ability to show a bias for the platform location. During the probe trial, the platform was removed and the mouse was allowed to search in the water for 30 s. After 2 days of reference memory testing, a reversal task was performed in order to assess cognitive flexibility. The platform was placed in the opposite quadrant in the tank, and place and probe trials were performed similar to the reference memory task.
Cued trials were designed to test motivation, visual acuity, and physical ability for the task. The mice performed six cued trials. The positions of entry and the platform positions varied between trials. The platform was kept submerged but was marked by a 20.3-cm support with a flag. The mice were allowed to search for the platform for 60 s. For all behavioral testing, the animal's movements in the water maze were tracked and analyzed with the SMART tracking system (San Diego Instruments, San Diego, CA).
Tissue processing for cell subfractionation Biochemical fractionation of the frontal cortex (rostral 4 mm of cortex) and hippocampus was performed as previously described (Dunah and Standaert 2001) , with a few modifications. Briefly, tissue was homogenized on ice with a Dounce homogenizer in TE buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA) plus 320 mM sucrose and protease/phosphatase inhibitor cocktail (Sigma). Homogenate was centrifuged at 4°C 1000×g for 10 min and the resulting pellet (P1) was discarded. The supernatant (S1) was centrifuged at 4°C 12000×g for 20 min in an Eppendorf centrifuge to produce the crude synaptosome pellet (P2) and the supernatant cytosolic and microsomal fraction (S2). The P2 fraction was then solubilized in Triton X-100 (Sigma) and fractionated as previously described (Milnerwood et al. 2010) . Briefly, the P2 pellet was resuspended with 300 μl Triton buffer (10 mM Tris-HCl, 100 mM NaCl, 0.5 % Triton, pH 7.2) and rotated slowly (15 min, 4°C) followed by centrifugation (12,000g, 20 min, 4°C). The supernatant (Tritonsoluble fraction) containing non-PSD membranes was retained. The resulting pellet was resuspended in 150 μl SDS buffer (10 mM Tris-HCl, 150 mM NaCl, 1 % Triton-X, 1 % deoxycholic acid, 1 % SDS, 1 mM DTT, pH 7.5) followed by gentle rotation (1 h, 4°C) and centrifugation (10,000g, 15 min, 4°C). The final pellet was discarded and the supernatant (Triton-insoluble PSD fraction) retained. Microsomal and cytosolic (S2), PSD (TxP), and non-PSD (TxS) samples were stored at −80°C.
Western blot
Sodium dodecyl sulfate-poly acrylamide gel electrophoresis (10 %) was used for Western blotting as described previously (Zhao et al. 2009 ). Each gel contained four different microgram loads (2, 4, 8 and 16 μg/well) of standards, obtained from a homogenate prepared by combining caudal cortices from all young animals. Protein samples from representatives of each different age group were loaded on each gel and analyzed in triplicate. Proteins were transferred to PVDF membranes, blocked in Odyssey blocking buffer (LiCor, Lincoln, NE), Tris-buffered saline (TBS) (1:1, v/v), and incubated at 4°C in primary antibodies; membranes were rinsed three times with TBS-T and incubated in infra-red fluorescence-based secondary antibody. Bands were visualized by scanning with a LI-COR Odyssey imager. See Table 1 for antibody dilutions and sources.
Data analysis
Data for behavioral testing were analyzed as previously described (Das et al. 2012) . Cumulative proximity measures, which reflect search distance from the platform, were used for the place, reversal, and cued trials, and average proximity measures were used for probe trials (Gallagher et al. 1993) . Proximity measures were corrected for start position (Das et al. 2012) . Based on reference memory acquisition performance in the place trials, the old mice were divided into two categories for BReference memory-Good^(RG; N = 7) and BReference memory-Bad^(RB; N = 5) learners as previously described (Lee et al. 1994; Rowe et al. 2007; Yetimler et al. 2012 ) with some modifications. The criteria for RB old learners were established by selecting old mice with average 2-day reference scores that were 2 standard deviations above the mean of the young mice, while RG old learners were within the same 2 standard deviation window (Fig. 1a) . One young mouse was also identified as a RB learner, using the same criteria. It was removed from further consideration because of the low N for RB young. The statistical comparisons between the young (good learners only; N = 11) and RG (old) and RB (old) will be referred to as reference memory status effects.
Protein blots were analyzed using Li-Cor Odyssey software. Integrated intensity measures were obtained using median background subtraction method. A standard curve was obtained using a linear fit with Excel (Microsoft) from integrated intensity values for known loads of caudal cortex. Sample values were interpolated from the standard curve as caudal cortex equivalents. Each protein was normalized to beta-actin within each sample of total protein. Statistical analyses for behavioral trials and protein expression using data from individual animals were done with analysis of variance (ANOVA) followed by Fisher's protected least significant difference (PLSD),with the use of Statview software (SAS Institute) and a significance cutoff of p ≤ .05.
Results
Behavioral analysis
Performance for spatial learning and flexibility were evaluated for young and old mice in the Morris water maze. An examination of reference scores showed a significant overall effect of age (F (1,20) = 19.7, p = .0003; Fig. 1a ). Based on acquisition in the reference memory task, the old mice were divided into the categories of Reference memory-Good (RG) and Reference memory-Bad (RB) learners (see BMaterials and methods^). After dividing the old mice into the categories of RG and RB, the overall differences between the three reference memory status groups remained significant (F (2,20) = 17.87, p < .0001; Fig. 1b ). Significantly higher proximity scores were seen in RB (p < .0001) and RG (p = .004) than the young and in RB than RG (p = .0005) in reference memory place trials across both days. Higher proximity scores are associated with searching further away from the platform position. There was an overall effect of reference memory status on reversal place trials (F (2,20) = 5.37, p = .01; Fig. 1d,) and the reversal probe trial (F (2,20) = 5.78, p = .01; Fig. 1d ). RG had significantly higher proximity scores than the young in both averaged reversal place trials (p = .003) and the probe trial (p = .002). There was no significant overall effect of reference memory status for probe trials for reference memory (F (2,20) = 2.33, p = .12; Fig. 1c ) or cued trials (F (2,20) = .48, p = .62; Fig. 1e ).
Because the RG group performed better in reference memory trials than RB, but was the only group that performed worse than the young in reversal trials, we analyzed tracking data to see if the RG group was perseverating on the old location of the platform during reversal trials. The average distance from the old platform location was calculated for each mouse during the reversal trials, and no significant group differences were found (F (2,20) = 1.55, p = .23; Fig. 1f ).
Age-related changes in GluN2 proteins
A previous study showed an age-related increase in the association of PSD-95 with GluN2B-containing NMDArs (Zamzow et al. 2013) . PSD-95 is normally enriched on synaptic membranes, but it can also be found on extrasynaptic membranes in the mouse model of Huntington's disease (Fan et al. 2012; Zheng et al. 2011 ). GluN2B-containing NMDArs are very mobile, moving easily between synaptic and extrasynaptic membranes (Groc et al. 2006; Parsons and Raymond 2014) . We hypothesized that there may be an aging effect on the membrane localization of NMDArs and their effector proteins.
Differential centrifugation of brain homogenates, followed by membrane solubilization in 0.5 % Triton X-100, was used to test this theory. Because the synaptic membrane is insoluble in non-ionic detergents, exposure to a low concentration of Triton X-100 is an effective way to separate synaptic from peri-and extrasynaptic membranes (Goebel-Goody et al. 2009; Milnerwood et al. 2010) . Proteins were examined from three synaptosomal fractions from the hippocampus and frontal cortex of young and aged mice: synaptic membranes (TxP), peri/extrasynaptic membranes (TxS), and cytosol/ microsomes (S2). The latter two fractions will be referred to as extrasynaptic and cytosolic, respectively. To test for the proper separation of the fractions, a representative Western blot was probed for proteins known to reside on detergent-resistant synaptic membranes (PSD-95) or detergent-soluble membranes (p97ATPase), including the endoplasmic reticulum and Golgi apparatus (Jiang et al. 2011) (Fig. 2a) .
There was a significant reference memory status effect on the GluN2B subunits in the synaptic membranes of frontal cortex synaptosomes (F (2,20) = 5.5, p = .01; Fig. 2b , c). Significant decreases in GluN2B subunit expression were found between the young and both RG (p = .025) and RB (p = .007). There were no significant age-related differences in GluN2B subunit expression in the extrasynaptic and cytosolic fractions from the frontal Fig. 2b , c). The GluN2A subunit did not show any significant age-related differences in any fraction or brain region (p = .16-.62; Fig. 2b, d ).
Phosphorylation by Fyn kinase of tyrosines 1336 and 1472 on the C-terminus of the GluN2B subunit has profound effects on the localization of the subunit.
Phosphotyrosine 1472 (p1472) inhibits binding of the GluN2B subunit with the clathrin adaptor protein AP-2, allowing PSD-95 to bind, keeping the GluN2B subunit at the synapse (Prybylowski et al. 2005) . Conversely, phosphotyrosine 1336 (p1336) can be found on the GluN2B subunit localized to extrasynaptic membranes (Goebel-Goody et al. 2009; Jiang et al. 2011) . Fig. 1 Behavioral testing. Aged mice have significantly poorer reference memory than young mice. a Old mice were separated based on acquisition of reference memory in place trials; bad old learners (RB) were >2 standard deviations (SD) above the young mean. b, c Significant differences in reference memory acquisition (b) but not in probe trials (c). d Significant differences were seen in averaged place and probe reversal trials. e-f No significance differences were seen in cued trials (e) or reversal perseverance for the old platform location (f). Asterisk indicates p < .05 for difference of from young. Number sign indicates p < .05 for difference of from RG (ANOVA and Fisher's PLSD). Data = mean ± SEM. Y = young (N = 11). RG = old Reference memory-Good (N = 7). RB = old Reference memory-Bad (N = 5) Fig. 2 GluN2 subunits. a-b Representative blots for proof of fractionation from Triton X-100 membrane solubilization (a) and GluN2 proteins (b). Order of lanes within each fraction from left to right is young, RG, and RB. c-g Significant differences in reference memory status were seen for GluN2B (c), p1472 (e), and p1336 (f), but not for GluN2A (d) or p1480 (g). Asterisk indicates p < .05 for difference from young. Number sign indicates p < .05 for difference from RG (ANOVA and Fisher's PLSD). Data = mean ± SEM. RG = old Reference memory-Good. RB = old Reference memory-Bad. TxP = Triton-insoluble pellet, synaptic membranes. TxS = Triton-soluble membranes, extrasynaptic membranes. S2 = cytosolic membranes. F = frontal cortex. H = hippocampus. N = 3-11. Sample sizes for each group with significant differences was Young (N = 11), RG (7), and RB (5), with the following exceptions: p1472-F(S2): Y(10), RG (6). p1336-F(TxP): RB (4) All synaptosomal fractions were probed with antibodies specific to p1472 and p1336. There was an overall effect of reference memory status on p1472 levels in the synaptic fraction from the frontal cortex (F (2,20) = 5.7, p = .01; Fig. 2b , e), with a significant increase between the young and RG (p = .003). There were no significant overall effects of reference memory status on p1472 in the extrasynaptic fraction of the frontal cortex or in any of the fractions from the hippocampus (p = .10-.84; Fig. 2b, e) . There was a significant increase in p1472 in the cytosolic fraction of the frontal cortex in RG, as compared to the young (p = .04; Fig. 2b, e) . We next examined the levels of p1336 in all fractions. There was an overall effect of reference memory status in the synaptic fraction of the frontal cortex (F (2,19) = 3.87, p = .039; Fig. 2b, f) , with a significant decrease between the young and RB (p = .01) and between RG and RB (p = .036). Examination of the remaining fractions from both brain regions revealed no significant reference memory status differences in p1336 (p = .23-.83).
The GluN2B subunit can also be phosphorylated on serine 1480. Activation of the NMDAr causes casein kinase 2 to phosphorylate serine 1480 (p1480), which disrupts the binding of GluN2B with PSD-95 (SanzClemente et al. 2013). p1480 was used as a proxy to ask whether the increased level of p1472 in the frontal cortex synaptic membranes was due to the decreased activation of the NMDAr. There were no significant differences in p1480 with age, brain region, or synaptosomal fraction (p = .23-.95; Fig. 2b, g ), suggesting that the increased p1472 signal may not be entirely due to the decreased activation of the NMDAr.
Scaffolding proteins and GluN2B phosphorylation
The GluN2B subunit shows an age-related increase in association with PSD-95, and there is an association between the binding of GluN2B to PSD-95 and to GAIP interacting protein, C-terminus (GIPC), and poor memory in aged animals (Zamzow et al. 2013) . In young mice, Fyn phosphorylates tyrosines on GluN2 subunits of NMDArs, which is mediated by PSD-95 (Tezuka et al. 1999; Trepanier et al. 2012) . Striatalenriched protein phosphatase (STEP61) is also a part of the NMDAr complex and is involved with dephosphorylating p1472 (Braithwaite et al. 2006) . We probed the cellular fractions with antibodies to PSD-95, GIPC, Fyn, and STEP to ascertain if there were any changes in expression or cellular localization associated with reference memory status.
Expression levels of PSD-95 did not change with reference memory status in any of the cellular fractions from the frontal cortex or the hippocampus (p = .33-.89; Fig. 3a, b) . The synaptic fraction in the frontal cortex had a significant reference memory status-related increase in GIPC (F (2,16) = 4.56, p = .026; Fig. 3c) , with a significant increase between the young and RG (p = .011). The remaining fractions of the frontal cortex, as well as all fractions of the hippocampus, saw no significant differences in GIPC, based on reference memory status (p = .44-.66; Fig. 3a, c) .
There was a significant reference memory statusrelated increase in synaptic Fyn in the frontal cortex (F (2,20) = 5.36, p = .013) but no overall effect in the hippocampus (F (2,20) = 3.2, p = .06; Fig. 3a, d ). The increase in synaptic Fyn between the young and RB was significant in both the frontal cortex (p = .005) and hippocampus (p = .02). There was also a significant reference memory status effect in the cytosolic fraction from the hippocampus (F (2,20) = 4.88, p = .02; Fig. 3a, d) , with a significant increase between the young and the RG (p = .006). There were no other significant overall effects in any of the other fractions (p = .23-.33).
Because the amount of Fyn increased with age only in the RB mice and increased similarly in both the frontal cortex and the hippocampus of those mice, it seemed that Fyn expression could not explain the brain region differences in GluN2B phosphorylation states in old mice. Since STEP61 is known to dephosphorylate phosphotyrosine residues on GluN2B, the expression levels of STEP61 in the cellular fractions were examined. There were no significant overall reference memory status-related effects on any of the cellular fractions in either brain region for STEP61 (p = .23-.78; Fig. 3a,  e ). An alternatively spliced isoform, STEP46, is able to bind to the GluN2B subunit and affect phosphorylation of tyrosine 1472 (Snyder et al. 2005) ; therefore, we analyzed the relative expression levels of STEP46 in all cellular fractions. There were no significant effects of reference memory status in the cellular fractions from the frontal cortex (p = .56-.71); however, there was a slight, but significant, effect on STEP46 in the cytosolic fraction from the hippocampus (F (2,20) = 3.5, p = .05; Fig. 3a, f) . A significant increase in STEP46 was seen between the young and RG (p = .016). These data suggest that the increase in p1472 in the frontal cortex of RG learners may not be due to the expression levels of Fyn, STEP, or PSD-95.
Calpain cleavage
The GluN2 subunits are proteolytically cleaved by calpain in a calcium-dependent manner (Guttmann et al. 2001) . The cleavage event on GluN2B is triggered by p1336, leading to a population of truncated GluN2B subunits residing on extrasynaptic membranes (Wu et al. 2007 ). The role that calpain cleavage may have in localizing NMDArs to extrasynaptic membranes was assessed. There was no significant overall effect of reference memory status (F (2,20) = 2.96, p = .074; Fig. 4a, b) on cleavage of the GluN2B subunit in the frontal cortex extrasynaptic fraction, but RG exhibited significantly more cleavage of GluN2B than the young (p = .04). There was no effect of reference memory status in the extrasynaptic fraction from the hippocampus (p = .60). Because both PSD-95 and STEP61 also undergo cleavage by calpain (Lu et al. 2000; Nguyen et al. 1999) , calpain cleavage in aged animals was examined to see if it was limited to only the frontal cortex for other proteins. There was no significant effect of Fig. 3 Scaffolding, kinase, and phosphatase. a Representative blots of proteins. Order of lanes within each fraction from left to right is young, RG, and RB. b-f No changes were seen in PSD-95 (b) or STEP61 (e). Significant increases were seen for GIPC in the synaptic membrane of frontal cortex from old good reference learners (c). Fyn was increased in old bad reference memory mice in the synaptic membrane of both brain regions (d). Significant increases were also seen in Fyn expression in the hippocampal cytosol of old good reference learners (d). STEP46 expression was increased in hippocampal cytosol from old good reference learners. (f). Asterisk indicates p < .05 difference from young (ANOVA and Fisher's PLSD). Data = mean ± SEM. RG = old Reference memory-Good. RB = old Reference memory-Bad. TxP = Triton-insoluble pellet, synaptic membranes. TxS = Tritonsoluble membranes, extrasynaptic membranes. S2 = cytosolic membranes. F = frontal cortex. H = hippocampus. N = 3-11. Sample sizes for each group with significant differences was Young (N = 11), RG (7), and RB (5), with the following exceptions: GIPC-F(TxP): Y(8), RG(6) Fig. 4 Calpain activity. Calpain activity is increased in both the hippocampus and frontal cortex. a Representative blot of proteins. Order of lanes within each fraction from left to right is young, RG, and RB. b-h Calpain cleavage increased with age for GluN2B (b) and PSD-95 (d) but not STEP (c). Calpain 1 decreased slightly in the hippocampus of old mice with poor reference memory (e), but calpain 2 was unchanged (g). Increased autolysis activity of calpain 1 (f) and calpain 2 (h) in the aged brain. Asterisk indicates p < .05 for difference from young; number sign indicates p < .05 for difference from RG (ANOVA and Fisher's PLSD). Data = mean ± SEM. RG = old Reference memory-Good. RB = old Reference memoryBad. TxS = Triton-soluble membranes, extrasynaptic membranes. S2 = cytosolic membranes. F = frontal cortex. H = hippocampus. N = 3-11. Sample sizes for each group with significant differences was Young (N = 11), RG (7), and RB (5), with the following exceptions: calpain 1 cleavage 55-H(S2): Y (8) reference memory status on the cleavage product of STEP61, STEP33, in either the frontal cortex (p = .89; Fig. 4a, c) or the hippocampus (p = .78) in the cytosolic fractions. There was a significant effect of reference memory status on the 50-kDa calpain cleavage product of PSD-95 in the cytosolic fraction of the frontal cortex (F (2,20) = 15.46, p < .0001; Fig. 4a, d ) and in the hippocampus (F (2,20) = 5.05, p = .017). RG exhibited more PSD-95 cleavage than both the young (p < .0001) and RB (p = .027), and RB had more than the young (p = .028) in the frontal cortex (Fig. 4a, d) . RG also had significantly more PSD-95 cleavage than the young in the hippocampus cytosolic fraction (Fig. 4a, d) .
Two isoforms of calpain predominate in the brain, μ-calpain (calpain 1) and m-calpain (calpain 2) (Wu and Lynch 2006) . Both proteins undergo autolysis, with calpain 1 producing a 55-kDa fragment, while calpain 2 produces three fragments of 55, 40, and 30 kDa Li et al. 2004; Nath et al. 1996) . All cellular fractions were probed to test whether the increased calpain-mediated cleavage of the GluN2B subunits in the frontal cortex might be due to the higher expression and/or higher activation of calpains.
There was no reference memory status-mediated difference in calpain 1 expression in the cytosolic fraction of the frontal cortex (p = .97). There was no significant overall main effect of reference memory status in the extrasynaptic (F (2,20) = 3.35, p = .056) and cytosolic (F (2,20) = 3.45, p = .051; Fig. 4a , e) fractions from the hippocampus; however, the RB showed significantly less calpain 1 than RG in both extrasynaptic (p = .02) and cytosolic (p = .02) hippocampal fractions (Fig. 4a, e) . There was no significant effect of reference memory status on calpain 2 expression in any cellular fraction of either the frontal cortex or hippocampus (p = .34-.45; Fig. 4a, g ). There were significant reference memory status effects on the 55-kDa autolysis cleavage product of calpain 1 in the cytosolic fractions from the frontal cortex (F (2,20) = 13.83, p = .0002) and the hippocampus (F (2,20) = 6.8, p = .006). RG had significantly higher calpain 1 cleavage product than the young in both the frontal cortex (p = <.0001) and hippocampus (p = .002), and RB had a higher expression than the young in the frontal cortex in cytosolic fractions (p = .005; Fig. 4a, f) .
A look at autolysis cleavage products of calpain 2 revealed an interesting distinction between the frontal cortex and the hippocampus. The 40-kDa cleavage product was found primarily in cellular fractions from the frontal cortex, while the 55-kDa cleavage product was found in the hippocampus (Fig. 4a, h ). There was no reference memory status effect on the levels of the 40-kDa cleavage product in the cytosolic fraction from the frontal cortex (p = .42). A significant reference memory status effect was present in the extrasynaptic (F (2,20) = 8.61, p = .002) and the cytosolic (F (2,20) = 33.82, p < .0001; Fig. 4a, h ) fractions for the 55-kDa cleavage product from the hippocampus. Both RG (p = .02) and RB (p = .0007) had significantly higher levels of calpain 2 cleavage 55 products in hippocampal extrasynaptic fractions (Fig. 4a, h ). Hippocampal cytosolic fractions showed increases in RB from both the young and RG (p < .0001) for the 55-kDa cleavage of calpain 2 (Fig. 4a, h ).
These data indicate that while calpain expression does not change dramatically in the old mice, the activities of the enzymes increased greatly in older mice. This amplified calpain activity does not, however, explain a lack of difference between the young and old in the levels of cleaved GluN2B subunits in the extrasynaptic fraction from the hippocampus.
Discussion
In this study, there was a significant decline in spatial memory with age, with the old mice subdivided based on good and bad acquisition of reference memory. The better spatial learning, however, appeared to be at a cost to cognitive flexibility. Expression of GluN2B declined with age in the synaptic fraction from frontal cortices, but p1472 in the synaptic fraction and calpain cleavage products of GluN2B in the extrasynaptic fraction from frontal cortex increased only in old mice with good reference memory. Expression of Fyn increased in the synaptic fraction from frontal cortices and hippocampi primarily in old mice with the worst memory. Finally, calpain activity was greater in old mice versus young mice.
In this study, all of the old mice as a group performed significantly worse than the young mice in the acquisition trials for reference memory, but there was a subset of old mice that showed reference memory acquisition more on a par with the younger mice. However, this aged group with good reference learning suffered from poor cognitive flexibility. All age groups performed equally well on reference memory probe trials in this study. This is in contrast with larger-scale studies that found age-related deficits were consistent for reference place and probe trials (Gallagher et al. 2015; Zamzow et al. 2013) . The results from this study suggest that group differences in reference learning and cognitive flexibility were primarily due to deficits in prefrontal cortical synaptic function, but not hippocampal. Even though all aspects of spatial memory are highly integrated, probe trials are generally more hippocampal driven, while the prefrontal cortex can be involved in acquisition of spatial memory and is essential for cognitive flexibility (D'Hooge and De Deyn 2001) . In rats, lesions of the lateral prefrontal cortex (insular and orbitofrontal cortices) impair spatial reference memory (Kolb et al. 1983) and reversal learning (Ragozzino 2007) . NMDA receptor antagonists administered to the insular cortex impair memory formation, including spatial reference memory (Gutierrez et al. 1999) . Enhancing GluN2B expression in the orbitofrontal cortex of aged mice improves spatial memory acquisition and retention (Brim et al. 2013 ). This suggests that alterations in the NMDA receptor in the prefrontal cortex can impact spatial reference memory.
The medial prefrontal cortex (mPFC) might be a factor in mice with cognitive flexibility deficits but intact reference learning. Rodents with mPFC lesions or rodents raised in social isolation had intact reference learning but a delay in reversal learning (de Bruin et al. 1994; Han et al. 2011) . Interestingly, the rodents raised in social isolation also had increased expression of BDNF in the mPFC. This study examined combined prefrontal and frontal regions. It remains to be seen whether the same or different brain regions were responsible for the reference learning enhancements and cognitive flexibility problems.
Another factor from this study was a lack of perseverance in old mice with poor cognitive flexibility. Mice exposed to stress had reversal learning deficits without perseverance (Francis et al. 1995) . Conversely, 5HT1B knockout mice exhibited reduced anxiety and improved reversal learning with no perseverance (Malleret et al. 1999) . The lack of perseverance in the RG mice with poor ability to learn the new location rules out simply better learning of the old position than RB. Rather, it suggests a general confusion or lack of trust in the stability of the platform location occurred in the good learners after the situation changed.
The localization of GluN2B on synaptic membranes declined with age and reference memory status in the frontal cortex but not the hippocampus. Previous work from this lab suggests that this may be due to an increase in triheteromeric receptors (GluN1/2 A/2B), rather than a loss of GluN2B-containing receptors (Fig. 5 ) (Zamzow et al. 2013) . At the same time, the levels of p1472 increased in the synaptic membrane from the frontal cortex of old mice with good reference memory, while levels in the hippocampus remained steady with age and reference memory status. The phosphorylation of tyrosine 1472 appears to remain steady with age in the hippocampus of rats as well (Coultrap et al. 2008) . Phosphorylation of tyrosine 1472 enhances synaptic membrane localization by preventing the clathrin adaptor protein AP-2 from binding to GluN2B and internalizing the NMDAr (Lavezzari et al. 2003) . There is evidence that triheteromeric NMDArs recycle back to the synaptic membrane as well as GluN2B/GluN1-containing NMDArs (Tang et al. 2010 ). Given the decline in GluN2B expression in the synaptic membrane, the increased levels of p1472 in the frontal cortex of aged mice who were better learners may have exerted an influence over the localization of triheteromeric GluN2A/GluN2B-containing NMDArs. A scenario exists whereby an increased number of triheteromeric receptors would contain GluN2B subunits with p1472, thereby preventing their movement off of the synaptic membrane, enhancing the NMDAr signal (Fig. 5) . The triheteromeric receptors lacking p1472 GluN2B subunits in the bad learners could have their signal diminished during the recycling process. Therefore, it seems that even though an overall increase in triheteromeric NMDAr in aged mice shows no relationship to memory (Zamzow et al. 2013) , modulation of the GluN2B subunit with p1472 could enhance acquisition of spatial memory in a subset of old animals. It is also possible that a stabilization of receptors with p1472 in the synaptic membrane may reduce cognitive flexibility.
The results of this study found no age-related differences in PSD-95 expression in any of the subcellular fractions investigated. Our laboratory was the first to report any relationship between PSD-95 in the frontal cortex and aging in the context of spatial memory (Zamzow et al. 2013 ). There was, however, a study that found decreased levels of PSD-95 in the PFC of elderly humans who had suffered from depression (Zhao et al. 2012) . In rodents, there have been conflicting reports on the aging effects of PSD-95 expression. One study found an age-related loss of PSD-95 expression in the hippocampi of rats, but no assessment of spatial memory was performed (VanGuilder et al. 2010) . Another study subdivided aged rats into impaired and intact groups based on cognitive status and examined PSD-95 expression in the hippocampus. The authors found that performance in probe trials for spatial memory retention correlated positively with PSD-95 expression in the aged rats (VanGuilder et al. 2011) . Conversely, in a similar experimental design, reference memory acquisition was negatively correlated with PSD-95 in the hippocampus of rats in all age groups (Nyffeler et al. 2007 ). The present study found only age-related differences in acquisition of reference memory and in cognitive flexibility in aged mice, but not memory retention, and there was no relationship between memory and PSD-95 expression in the synaptic membrane.
A previous study from this laboratory did find an age-related negative correlation between PSD-95/ GluN2B interaction in crude synaptosomes and spatial memory retention; increased PSD-95 per GluN2B was associated with poor memory (Zamzow et al. 2013) . Although an increase in triheteromeric receptors would increase the PSD-95/GluN2B ratio, since GluN2A also binds PSD-95 (Xu 2011) , there was no correlation between GluN2A and PSD-95 or spatial memory in the previous study (Zamzow et al. 2013) . It was speculated that the negative correlation between the PSD-95/ GluN2B ratio and spatial memory might be due to non-triheteromeric GluN2B-containing receptors interacting with PSD-95 and/or a possible shift of PSD-95 binding to the PSDP motif on GluN2B (Cousins and Stephenson 2012) . The current data does not contradict this proposition. It is also possible that reduction in p1336 in the old bad learners might alter PSD-95 interactions or the increase in GIPC in the synaptic membrane could reduce PSD-95 binding in the old good learners (Fig. 5) . Another possibility may lie in the posttranslational modification of PSD-95. Cyclin-dependent kinase 5 (Cdk5) phosphorylation of PSD-95 decreases p1472 and subsequent binding of PSD-95 to GluN2B (Zhang et al. 2008) . What is not known is if aging has an effect on PSD-95 phosphorylation and protein interaction.
There were significant increases in Fyn levels in synaptic membranes from the frontal cortex (Fig. 5 ) and hippocampus and in hippocampal extrasynaptic fractions from bad learners. The pattern of Fyn expression levels in the hippocampus had no significant effect on p1472 and p1336 expression in synaptic membranes. The story is more complicated in the frontal cortex. The highest levels of Fyn in the synaptic membrane fraction were in the RB group, but the highest levels of p1472 Fig. 5 Summary diagram of changes related to GluN2B-containing NMDA receptors based on age and reference learning status. There was a decrease in GluN2B in the synaptic membrane of the old mice. Previous work suggests that this is due to an increase in triheteromeric (GluN1/2A/2B) NMDA receptors (Zamzow et al. 2013) . The old good learners with poor cognitive flexibility showed increased phosphorylation (P) at amino acid 1472 of GluN2B and an increase in GIPC scaffolding protein in the synaptic membrane fraction and an increase in the 115-kDa GluN2B cleavage product in the extrasynaptic membranes compared to young. The old bad learners, with flexibility more similar to the young, showed a decrease in phosphorylation (P) at amino acid 1336 of GluN2B, despite an increase in Fyn kinase. The increased p1472 may be due to a better ability to respond to kinases and/or less recycling in the good learners than the bad. The previous finding of greater PSD-95 per GluN2B in animals with poorer memory (Zamzow et al. 2013 ) could be due to PSD-95 binding to more sites on the GluN2B tail or diminished trafficking extrasynaptically due to decreased P1336 in the bad learners or increased association between GluN2B and GIPC in the synaptic membrane of the good learners compared to bad. Note: Only GluN2B-containing NMDA receptors are shown. The receptors are shown as tetramers with two GluN1 and two GluN2 subunits. Yellow highlights indicate findings from the present study were in the RG group and the RB group had the lowest levels of p1336. This indicates that increased expression of Fyn cannot be the sole contributor to differential phosphorylation of the GluN2B subunit. Transgenic mice that overexpress Fyn have higher levels of p1472 but not p1336 (Knox et al. 2013) . However, Fyn also has its activity governed by phosphorylation, which is essential for its function (Ingley 2008) . Stimulation of dopaminergic D1 receptors (D1R) will activate Fyn, leading to the phosphorylation of GluN2B tyrosines (Mao and Wang 2015; Dunah et al. 2004; Hu et al. 2010) . Stimulation of D1R increases BDNF expression, and, as previously discussed, BDNF expression is increased in the mPFC of mice with good reference memory and poor cognitive flexibility (Han et al. 2011; Weinreb et al. 2015) . The old good learners may have benefited from greater D1R stimulation than the old bad learners. The trade-off was a deficit in cognitive flexibility.
Phosphatases, which can influence p1472 and p1336 expression by removing the phosphorylation (Braithwaite et al. 2006) , may also play a role in the phosphorylation differences seen in the aged mice; however, there were no significant group differences in levels of the phosphatase STEP61 in any fractions from the frontal cortex or hippocampus. There was a small, but significant, increase in expression of STEP46, an alternatively spliced isoform, in the cytosolic fraction from the hippocampus. STEP46 can bind to GluN2B, possibly to dephosphorylate p1472 (Snyder et al. 2005 ). STEP46 may have had an effect on the phosphorylation of GluN2B in the hippocampus, but we were unable to detect any significant differences. As with Fyn, STEP61 function can be affected by D1R (Braithwaite et al. 2006) . Phosphorylation of STEP61 through D1R stimulation inhibits phosphatase activity, allowing Fyn to remain phosphorylated and active and phosphorylate GluN2B (Paul et al. 2000) . STEP61 can be deactivated by dimerization and oxidative stress will lead to increased dimerization (Deb et al. 2011) . Because aged brains suffer from increased oxidative stress and imbalanced redox state (Foster 2006; Parihar et al. 2008 ), STEP61 may be deactivated in the brains of aged mice. The increased levels of p1472 found in frontal cortex synaptic membranes of old mice with good reference memory may be a result of deactivated phosphatases. Whether phosphatases are overactive in the aged poor learners remains to be determined.
The levels of p1336 declined significantly in the synaptic fraction from the frontal cortex of old bad learners (Fig. 5) . At the same time, levels of p1472 in the synaptic fraction from frontal cortex of old mice with bad reference memory remained similar to young mice. Recent evidence suggests that activation of the NMDAr does not affect p1472 and p1336 similarly. Activation of NMDAr causes a decrease in synaptic p1472, while p1336 remains unchanged (Ai et al. 2013) . What is not known is if a decrease in NMDAr activation would lead to a change in p1336. It may be that the old bad learners suffer from a lack of NMDAr activation, keeping p1472 levels similar to young mice, while p1336 levels are decreased.
The C-terminus of the GluN2B subunit undergoes calpain-mediated cleavage initiated by p1336 (Wu et al. 2007) . Calpain is also involved in the cleavage of PSD-95 (Lu et al. 2000) . We found that the 115-kDa GluN2B cleavage product was located in the extrasynaptic fraction of the frontal cortex in significantly greater amounts in the aged good learners (Fig. 5) . Similarly, the 55-kDa cleavage product of PSD-95 was significantly higher in the same fraction and group of mice. Evidence shows that PSD-95 will block the cleavage of GluN2 subunits (Dong et al. 2004 ). This suggests that one mechanism that induced an increase of the GluN2B cleavage product was the cleavage of PSD-95, allowing access of calpain to the C-terminus of GluN2B. Since GluN2B is found on extrasynaptic membranes more than GluN2A, the proteolytically cleaved GluN2B found in the extrasynaptic membrane fraction most probably represent the dimeric GluN2B-containing NMDAr (Groc et al. 2006) .
One study found that calpain 1, but not calpain 2, expression was greater in the hippocampus of aged rats, leading to greater glutamate sensitivity and calcium dysregulation (Hajieva et al. 2009 ). Our results did not concur with their findings. We found a moderate, but significant, loss of calpain 1 expression in the hippocampus of old poor learner mice. Expression of calpain 1 and 2 remained steady with age in the frontal cortex, and there was no age-related loss of calpain 2 in the hippocampus of mice. There was, however, evidence of increased activity of calpain in aged mice. As mentioned previously, GluN2B and PSD-95 have increased levels of calpain-mediated proteolytic products. However, not all targets of calpain were affected by age. The phosphatase STEP61 can be cleaved to a 33-kDa product in a calpain-mediated fashion (Nguyen et al. 1999 ), but no age-related differences in the cleavage products were found in the present study. The GluN2A subunit is also a target of calpain, but no cleavage products were detected. This is most probably due to the rapid degradation of GluN2A after proteolytic cleavage by calpain (Guttmann et al. 2002) . There was a robust age-related increase in the autolysis products of both calpain 1 and 2. We report here a unique 55-kDa cleavage product for calpain 1. This cleavage product has not been reported in vivo, but in vitro analysis seems to indicate that it is inactive (Li et al. 2004 ). The 55-and 40-kDa cleavage autolysis products of calpain 2 are similarly inactive. Calpain 1 and calpain 2 are differentially activated depending on the localization of NMDAr. Calpain 1 is activated via synaptic NMDAr and calpain 2 is activated via extrasynaptic NMDAr . Interestingly, activation of calpain 2 through extrasynaptic NMDAr caused a rapid rise in the 33-kDa cleavage product of STEP61, STEP33. No such accumulation of STEP33 was found in these mice nor was there any agerelated difference in calpain 2 autolytic products. This suggests that there was minimal downstream effect from extrasynaptic NMDAr. Instead, the increased activation of calpains in the frontal cortex and hippocampus of aged mice might be due to increased oxidative stress (Paramo et al. 2013) .
In this study, we found that posttranslational modifications of GluN2B subunits were perturbed with age and the changes were more prominent in the frontal cortex than the hippocampus. There were declines in GluN2B synaptic expression and calpain activity across aging. Increased phosphorylation and calpain-mediated cleavage of GluN2B were evident in the frontal cortex of aged mice that were good spatial learners. The old poor learners appeared to have problems with phosphorylation related to Fyn. These results suggest that, although age-related declines in GluN2B expression in the frontal cortex were related to spatial reference learning deficits, the variability in learning ability among older animals was related to phosphorylation and calpain cleavage. The compensations that helped learning, however, may have come at a cost to cognitive flexibility.
